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Abstract: Novel design methods for implementing continuous centre-frequency and bandwidth tunability are reported.
Coupling bandwidths are tuned through the mechanical rotation of a metallic plate suspended between resonators.
Centre-frequency tuning is achieved via the vertical actuation of a moving part mounted within each resonator. In addi-
tion, each resonator and transformer is designed so that motors can be housed within them — adding tunability without
compromising the overall filter volume. A second-order filter, based on Combline cavity structures, capable of bandwidth
tunability of 49MHz to 67MHz for all centre-frequencies in the range of 1.751GHz to 1.998GHz is presented. Passband
insertion loss is kept below 1.2 dB for all tuning states with return loss above 10 dB. A five-pole filter is also fabricated
with centre-frequency tunability of 14% from 1.764GHz to 2.015GHz and 15 dB bandwidth tunability of 107% from 41MHz
to 85MHz. Midband insertion loss is kept below 1.4 dB in all tuning states. The five-pole filter is compared to other tun-
able filters in the UHF range and is shown to reduce midband insertion loss by 36% from the next best filter (2.2 dB to
1.4 dB).
1 Background
Demand for tunable filtering in the cellular telecommunications
industry has always been high. Particularly in cellular base stations
where on-the-fly adaptability of a single piece of hardware can fulfil
the role of multiple components - reducing the total space, weight
and cost associated with said components.
Tunable filter designs pose many challenges. Early tuning meth-
ods utilised YIG spheres as a means to provide resonance tuning as a
function of an externally applied DCmagnetic field [1]. Despite hav-
ing wide tuning ranges and high Q-factors they suffered from being
too bulky to keep up with the demand for miniaturisation as well as
effects of hysteresis and high power consumption.
Varactor diodes provide capacitive tuning by exploiting a change
in the depletion layer width as a function of applied DC bias. In
filtering applications varactor diodes have been extensively explored
however they typically exhibit low Q-factors [2] and due to poor
intermodulation performance struggle to handle power signals larger
than 1mW [3].
Barium Strontium Titanate (BST) varactors allow for the capac-
itance to be altered by exploiting the ferroelectric phases in order
to control the dielectric constant of a material with a voltage bias.
As with varactor diodes Q-factor and linearity are again the limiting
factors [4–9].
PIN diodes act as RF switches and can be used in filters for
switching between multiple passband states. Again, Intermodula-
tion distortion and resistive losses inhibit their effectiveness in high
performance filtering applications [10–12].
In more recent times MEMS devices have pushed the state
of the art with very low power consumption, high isolation, low
insertion loss and good suppression of intermodulation products.
However due to their size, drawbacks include power handling, mass
production costs and reliability [13–16].
Mechanically tuned filters can overcome issues of intermodula-
tion distortion generated by discrete components[17–19], however
they require the mounting of motors in order to provide the required
actuation, which can significantly increase the volume of the filter.
In this paper, prototype filters with a centre-frequency of 2 GHz
and bandwidth of 40 MHz with 14% frequency tunability from
1.75 GHz to 2 GHz and bandwidth tunability of 50% from
40 MHz to 60 MHz are fabricated. Commercially available stepper
motors are shown to fit comfortably within the filter confirming that
tunability can be achieved without having to sacrifice overall filter
volume.
The fabricated filters introduce three novelties in the design of
a fully tunable filter with precise bandwidth and centre-frequency
control. A novel method for the implementation of inter-resonator
coupling tunability is described. Secondly, a new technique which
provides tuning for both resonant frequency and external coupling is
presented. Lastly, resonators and transformers are designed in such a
way that the motors can be contained inside them. This allows for the
cavitys external dimensions to remain unchanged despite the added
complexity of tunability being provided.
2 Design
2.1 Bandwidth tunability
In a combline filter the inter-resonator coupling is represented as a
short-circuited transmission line where its admittance between the
rth and (r + 1)th resonators can be calculated for a given electrical
length (θ0) as follows [20]:
Yr,r+1 =
Kr,r+1 tan (θ0)
nrnr+1
(1)
WhereKr,r+1 are given by the inverter coupled low pass prototype.
nr can be calculated using the shunt capacitances of the prototype,
CLr .
nr =
√
αCLr tan (θ0)
Yrr
(2)
α is the bandwidth scaling factor, and Yrr can be equated to 1 for
simplicity.
The addition of a tunable capacitor in parallel to the coupling
provides a means for adjusting tunability. Suspension of a single
plate between two resonators provides a capacitance in parallel with
the coupling. Rotation of the plate through its vertical centre line
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Fig. 1: Change in the normalised effective plate area Aeff/h, of a
rotating plate as seen by the resonators
plate at φ = 60◦
s12
Resonators
(fig.4)
Fig. 2: Side-view of a three-dimensional structure of two cylindrical
resonators coupled via a rotating plate in an iris
changes the effective plate area as seen by the resonators and sub-
sequently changes the overall coupling. Control of the coupling can
therefore be achieved via the rotational position of the plate.
Fringing capacitance, Cf is non-zero and affects the overall
capacitance between resonator and plate additively such that:
C = Cp + Cf (3)
The effective plate area Aeff , seen by the resonators can be cal-
culated as a function of the plate width w (mm), height h (mm),
thickness t (mm), and angle of rotation φ (◦) as follows
Aeff (φ) = h[w sin (90− φ) + t cos (90− φ)] (4)
Which can be normalised per plate height and simplified to
Aeff (φ)
h
= w cos (φ) + t sin (φ) (5)
Figure 1 shows how Aeff/h changes with φ for a plate of width
7 mm and thickness 1 mm. Scrutiny of the graph shows how the
effective plate area changes in a linear-like fashion from φ = 30◦ to
90◦ for this ratio of width to thickness.
It follows that due to the proportionality of plate area to capaci-
tance, it can be expected that the capacitance between a rotating plate
and a resonator would change in a linear-like fashion across the same
range of φ, where Cp ≫ Cf .
Eigenmode simulation was employed in order to determine the
range of coupling bandwidths achievable as the plate is rotated
through 90◦, ie maximum to minimum plate area as seen by the
resonators.
The simulation of the three-dimensional structure was set up as
in figure 2 with two coaxial-resonators (figure 4) contained within
an enclosed cavity and coupled via a fixed iris. A single plate with a
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Fig. 4: Physical design shape of resonators (and transformers) with
the front section removed
thickness of t = 1mm and width w = 7mm, was suspended in the
centre of the iris, equidistant from each resonator.
Figure 3 shows a graph plotting the range of coupling bandwidths
observed when rotating the plate from 0◦ to 90◦ for given resonator
spacings (s12 = 7mm to 11mm). The plate is deemed to be at an
angle of 0◦ when the flat edges of the plate face the resonators, and
90◦ when facing the ground-plane side walls of the cavity.
For resonator spacings of a similar size to w, the couplings
become very sensitive as φ approaches 90◦. This is because the sides
of the plate come into close proximity to the resonators at these
angles. Consequently Cp becomes very large and so the coupling
bandwidths rapidly tend towards zero. For a realised filter this would
be impractical since its response would become sensitive to ambient
vibrations and other environmental disturbances in the vicinity of the
filter.
Conversely, for resonator spacings of s12 ≥ 9.5 mm, the dis-
tance between resonator and plate is large enough that the capacitive
effects of plate rotation have diminishing impact on the coupling
bandwidth as s12 increases.
Therefore careful consideration of resonator spacing must be
taken in order to determine the optimum coupling tunability for
the specification without the system becoming sensitive to external
influence.
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Fig. 5: Simulated centre-frequency tuning of a second order filter
with inner-screw actuation
2.2 Resonant frequency and external coupling tunability
Combline resonators are short-circuited lines that are capacitively
loaded to ground on the open end. In coaxial cavity resonators this
capacitance is usually realised by an air gap between the resonator
end and cavity lid. Traditional methods for tuning resonant fre-
quency utilise discrete components mounted outside the cavity to
tune the capacitance to ground. Low Q due to inherent component
losses as well as low power handling capabilities are drawbacks to
this type of tunability. Other methods use mechanical actuation of
tuning screws or disks grounded via the cavity lid to tune resonance.
Metal-air-metal capacitive loading allows for a much higher Q to be
retained than when fixed components are used. Here a new method
for mechanical tuning is presented.
Treating the resonator as a hollow cylinder allows for a vertical
linear actuating screw to be attached within. Actuation of the screw
in a vertical direction simultaneously modifies the resonator’s phys-
ical length as well as its capacitance to ground. Both of these effects
combine to tune the frequency of resonance synchronously. This also
provides the added benefit of being able to mount a motor within
the hollow resonator in the unused space beneath the screw it actu-
ates. Thus a filter with resonant frequency tuning capabilities can be
realised without the need to increase the filters overall volume.
Incidentally, the same actuation technique can be performed on
a dielectric material — tuning the effective absolute permittivity
between the resonator end and ground. Proximity to ground would
then no longer be an issue. Remembering capacitance is propor-
tional to permittivity. Therefore the tuning range can be increased or
decreased by selecting a material with an appropriate dielectric con-
stant for the desired tunability. Dielectric means of resonance tuning
come at the expense of resonator quality factor however due to the
introduction of dielectric losses to the resonator.
The graph in figure 5 shows the centre-frequency tuning range of
a simulated two-pole filter. In a narrowband coaxial resonator filter,
external coupling is provided by impedance transforming elements.
When realised these transformers are TEM lines that resonate well
above the passband. Because of this property, tuning for external
coupling can be provided using the samemethods as resonant tuning.
External couplings Qe can be calculated by looking at the
reflected group delay Td, of an EM simulation where only the input
transformer and first resonator are modelled in the cavity - shown in
figure 6. The output port is then loosely coupled so as to not affect
the results. External coupling is given by
Qe =
ω0Td
4
(6)
CalculatedQe for tuning screw actuation Lext, at given input spac-
ings s01, are shown in figure 7. It is clear that at first glance, the
tuning range of Qe is much smaller than for the inter-resonator cou-
pling bandwidths of figure 3. Therefore the limiting factor in terms of
the overall tunability of a fully tunable filter is the external coupling.
Lext Lt
s01
Loosely-coupled
output port
Fig. 6: Simulation setup for calculation of external couplings. Front
sections have been removed from the transformer and first resonator
to expose the Lext and Lt tuning screws.
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Fig. 7: Qe tuning for different input spacings, s01
Once the tuning ranges for each of the couplings have been calcu-
lated, the N+2 coupling matrix [21] can be used in order to determine
the tuning limits of a fully tunable filter implementing the tested
tuning structures.
3 Implementation
3.1 Prototype design
The simultaneous utilisation of tuning mechanisms for resonance,
inter-resonator coupling and external coupling, presented in the pre-
vious section, allows the design of a fully tunable filter with control
over centre-frequency, bandwidth and return loss.
An increase in loading capacitance on the TEM lines lowers the
resonant frequency, design of the filter can be made to the speci-
fication of the highest frequency passband desired - in this case, 2
GHz. This means that the resonant tuning mechanism Lt, is in its
lowest position—where it has little effect on the resonance. Increas-
ing Lt causes a reduction in the centre-frequency. Similarly for the
external coupling the ripple level lowers as the centre-frequency is
reduced. Recovery of the ripple level is made by reducing the exter-
nal coupling. Therefore the design of the filter can be made on the
assumption that tuning mechanisms Lt and Lext are small enough
not to be significantly affecting the response - allowing the maximum
tuning range available.
In addition to designing the filter at its highest frequency spec-
ification, it is also be designed at its narrowest bandwidth. As the
bandwidth is increased the ripple level lowers. As before, the exter-
nal coupling can be tuned in order to restore the return loss to the
desired level.
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Table 1 Comparison of Tunable Microwave Filters in the UHF range
Passband Passband
Source Tuning Method Centre-Frequency (GHz) Bandwidth (MHz) Return Loss (dB) Insertion Loss (dB)
[17] Mechanical 1.98-2.03 20-25 - -
[18] Mechanical - 11-33 - -
[19] Mechanical 2.565-2.635 - > 16.2 < 2.3
[19] MEMS 2.59-2.634 - > 15 < 4.25
[24] Varactor 0.55-1.1 34-66 > 10 -
[25] Varactor 2.4-2.6 - > 10 < 3.4
[26] Varactor 1.66-2.4 - > 10 < 3
[27] MEMS 1.5-2.5 105-125 > 10 < 2.2
[28] MEMS 0.6-1.1 - - < 3.6
this work Mechanical 1.764-2.015 41-85 > 11.3 < 1.4
Plate
Fixed tuning screw
Resonance tuning screw (Lt)
Qe tuning screw (Lext)
Fig. 8: Photograph showing the fabricated fully tunable second
order prototype filter
Realisation of the plate providing inter-resonator coupling is a key
component in the operation of the filter. It must not be electrically
connected to ground as this would hinder its performance signifi-
cantly. In addition it must be positioned at the correct height - near
level with the top of the resonators. This is where the electric field
is at its strongest hence allowing for optimum capacitive tunability.
The plate is suspended on the end of a screw fabricated in polyether
ether ketone (PEEK) - a polymer chosen for its high tensile strength
and large loss tangent [22].
The filter cavity and resonators are cut from a single block of alu-
minium. A thread is tapped on the inside of the hollow resonators,
so that the Lt tuning screws can be attached inside. A similar pro-
cedure was also performed on the transformers for the Lext tuning
screws. The small input spacing (s01) means that milling the trans-
formers from the original aluminium block is impossible. Therefore
the transformers are required to be fabricated separately in brass and
plated in copper before being mechanically pressed into the filter
cavity. Copper plating of the transformers is required only for the
ease of soldering input connectors.
After fabrication, fixed tuning screws are mounted from the lid
above each resonator and transformer (see figure 8) in order to cor-
rect for tolerances in the fabrication processes. These are used to
set the filter to a fundamental specification of centre frequency and
bandwidth (2GHz and 60 MHz respectively) before being locked in
place by fixing nuts on the outside of the cavity. It is important to
emphasize that these screws, once fixed are never again altered. All
subsequent tunability of the filter is provided by the novel mech-
anisms introduced by this paper and illustrated in figures 2 and
6.
The prototype filter is designed to be tunable from 1.75 GHz to
2 GHz with 10 dB bandwidths from 40 MHz to 60 MHz at both
frequencies. Figure 9 shows a comparison of simulated to measured
results. At a centre-frequency of 1.751 GHz a bandwidth tuning
range of 49MHz to 70MHz is observed. Similarly at 1.998 GHz
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Fig. 9: A comparison of simulated to measured responses for a fully
tunable two-pole prototype filter at centre-frequencies of 1.75 GHz
and 2 GHz overlayed on the same axes for (a) Narrow-bandwidth
tuned states, (b) wide-bandwidth tuned states.
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Fig. 10: Broadband S-parameter measurements of two-pole proto-
type showing the spurious-free window
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Fig. 11: Configuration of fifth order design
bandwidth tunability from 41MHz to 67MHz is achieved. Across
the entire tuning range, passband insertion loss is less than 1.2 dB.
Good correlation between simulation and measured responses can
be seen showing that the prototype performs as intended. Figure 10
shows a broadband response for the filter at a centre frequency of
1.8 GHz. Two transmission zeros are seen above the passband. The
first is introduced due to dispersive coupling where the electric cou-
pling introduced by the plate cancels with the dominant inductive
coupling of a typical combline [23]. The second transmission zero is
typical for a combline filter and occurs at the quarter-wave frequency
of the TEM lines [20]. The first spurious band is located at 4.2 GHz
and is partially suppressed by a transmission zero introduced as an
effect of the capacitive coupling mechanism.
3.2 Fifth order fully-tunable filter
A fifth order version of the filter measured in the previous section
was designed and fabricated in aluminium using the same tun-
ability specifications as before (figure 13). The dimensions of the
filter were estimated through combline design processes outlined
in [20] and optimised for 15 dB bandwidths using HFSS. Table 2
shows the optimised dimensions of the filter. Tuning of the inter-
resonator couplings is provided via manual rotation of the PEEK
screws attached to the plates. Additional work could introduce rotary
motors to mechanically couple to the PEEK screws and drive the
actuation. This, in conjunction with the resonator and transformer
motors would allow for the filter to be fully controllable from a
remote location.
Observation of the measured results (figure 12) shows the filter’s
tunability in both frequency and bandwidth. The centre-frequency
is shown to be tunable from 1.764GHz to 2.015GHz with band-
width ranges of 61MHz to 85MHz and 41MHz to 69MHz at each
respective centre-frequency.
Passband insertion loss was typically seen to be about 1 dB and
the worst midband insertion loss was measured at 1.4 dB. The
achieved unloaded Q for the filter cavities was calculated for each
of the four tuned states from figure 12. These are shown in table 3.
As would be expected, the unloaded Q is seen to decrease with fre-
quency tuning. Increasing the size of the cavity would increase the
achievable Q at the expense of overall volume.
Drawbacks to this design lie in the mechanical aspects. For exam-
ple, tuning elements Lt and Lext have limited contact with the
resonators and transformers respectively. The contact is limited by
the threads of the screw, since in reality the screw-threads do not
perfectly overlap. This contact becomes worse the more the screws
are actuated because there are fewer threads connecting the screw to
the resonator. Self-locking screws would help to overcome this issue
to some extent by ensuring a good contact is made at all times.
Table 1 shows a comparison of tunable filter designs from other
papers to the work presented here. The filter presented in this work
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Fig. 12: Measured S-parameter responses for the fifth order filter
with centre-frequency and bandwidth control
Table 2 Dimensions of the 5-pole filter from figure 11
Parameter name Symbol Value (mm)
Resonator spacing (0-1) s01 (= s56) 3
Resonator spacing (1-2) s12 (= s45) 8.2
Resonator spacing (2-3) s23 (= s34) 9
Iris width (1-2) w12 12.8
Iris width (2-3) w23 (= w34) 12
Iris width (4-5) w45 12.4
Plate width w 7
Plate height h 6
Plate thickness t 1
Resonator outer diameter dout 10
Resonator inner diameter din 8
Ground plane spacing b 25
Table 3 Acheived unloaded Q of filter cavities for each tuned state from figure
12.
Bandwidth Low frequency state High frequency state
Narrow 900 1000
Wide 900 1050
shows a good level of frequency and bandwidth tunability while
maintaining low insertion loss in comparison to other works.
4 Conclusion
This paper presents novel methods for the tuning of inter-resonator
couplings, external couplings and resonant frequency. In addition,
resonators are designed with cavities to house actuation motors
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(a) Photograph showing the fabricated fully tunable 5-pole filter
Motor
(b) Photograph of a commercially available stepper motor being
inserted into a resonator cavity
Motor
(c) Motor shown inside resonator cavity
Fig. 13: Fabricated five-pole filter with internal mounting of motor
within — adding tunability to the filter without compromising vol-
ume. Two filters were designed, fabricated and measured. Firstly,
a two-pole filter was shown to be able to tune centre-frequency
from 1.751GHz to 1.998GHz with continuous bandwidth control
from 49MHz to 67MHz achievable throughout the range. Passband
insertion loss was kept under 1.2 dB in all states.
A five-pole filter was also fabricated to the same filtering speci-
fications. Centre-frequency tunability was shown from 1.764GHz
to 2.015GHz with bandwidths from 40MHz to 85MHz. The
maximum midband insertion loss was shown to be 1.4 dB.
The overall tunability of this design is limited by the tuning range
of the external coupling. A different method that allows for a larger
range of external Q tuning could lead to a better all-round tuning
performance. There is an inherent trade-off between tuning range
and sensitivity with this design. A higher tuning range would be
achievable by reducing the filter spacings, however any mechanical
vibrations might then have an effect on the filter response.
This work could be extended by replacing the metallic actuat-
ing screws with dielectric materials. Frequency tunability would be
increased relative to the dielectric constant of the material used at
the expense of filter Q. In addition, provision of independent motors
controlling the individual resonances and couplings, the resolution of
tunability can be estimated by collating data from figures 3, 5 and 7
for inter-resonator coupling, resonance and external coupling respec-
tively with achievable step angles of motors and the thread pitch of
screws used. Empirical testing would then allow for a lookup table
to be generated for the absolute positions of each tuning mechanism
for the desired filtering response.
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